INTRODUCTION
Motor neuron diseases (MNDs) encompass a group of inherited disorders characterized by the selective dysfunction and death of motor neurons leading to spasticity, hyperreflexia, generalized weakness, muscle atrophy and paralysis (1) . The best characterized and the most common of these diseases is amyotrophic lateral sclerosis (ALS) with a prevalence of approximately 5/100 000 individuals. The majority of ALS cases are sporadic while onlỹ 10% are familial, manifesting a variety of inheritance patterns with linkage to multiple independent chromosome loci (2) . Among the familial cases, ~20% are caused by dominantly inherited mutations in the protein encoded by the gene Cu/Zn superoxide dismutase 1 (SOD1) (3) .
In 2004, a genetic linkage study mapped the locus responsible for a group of MNDs to chromosomal region 20q13.3 (ALS8). The disease affects both sexes equally and the clinical onset occurs between the third and fifth decade. Most patients have lower motor neuron symptoms but some show bulbar involvement (4) . Mutation screening led to the identification of a Proline to Serine substitution (P56S) at codon 56 in human VAMPassociated protein B (hVAPB) (5) . In a branch of the same large family the P56S mutation has been shown to cause a lower motor neuron disorder accompanied by autonomic involvement and dyslipidemia (6) . The mutated Proline is present in a stretch of amino acids that is very highly conserved from yeast to man in all VAP homologs.
hVAPB is a type II integral membrane protein that belongs to a highly conserved family of proteins. VAP proteins have been implicated in glucose transport trafficking, expression of phospholipid biosynthetic genes, regulation of synaptic growth, neurotransmitter release and ER-Golgi and intra-Golgi transport (7) (8) (9) (10) (11) . These seemingly different functions have been investigated in different species and cell types and they are possibly mediated by different members of the same family.
The overall structure of all VAP proteins is similar and consists of a cytoplasmic N-terminal region and a trans-membrane domain at the C-terminus. The N-terminal domain shares a high degree of structural similarity with the Caenorhabditis elegans major sperm proteins (MSPs) (12) . MSPs are highly abundant proteins expressed in the amoeboid nematode sperm. The movement of these cells is driven by the assembly of MSP proteins into fibrous networks (13) . MSP proteins have also been shown to function as signaling molecules as they antagonize ephrin/Eph receptor signaling in order to promote oocyte meiotic maturation and ovarian muscle contractions in C. elegans (12) .
DVAP-33A (Drosophila VAMP-associated protein of 33 kDa A) exhibits significant homology with hVAPB. DVAP-33A regulates bouton budding at larval neuromuscular junctions (NMJs) in a dosage-dependent manner. It is required for structural remodeling of synapses where it controls microtubule cytoskeleton dynamics. We have previously proposed that synapse formation is dependent on DVAP-33A in a process similar to budding in yeast (9) . Recently, it has been shown that, MSP localizes to membranes and can generate the protrusive force necessary to induce vesicle budding from male germ cells in C. elegans (14) .
To better understand the pathophysiology underlying VAP-induced MNDs in humans, we have undertaken a functional characterization of VAP proteins in flies. In Drosophila, structural remodeling induced by loss-of-function and overexpression of DVAP-33A is paralleled by functional and ultrastructural compensation at the synapse. We show that hVAPB and DVAP-33A are functionally interchangeable and that transgenic expression of mutant VAP in neurons recapitulates several hallmarks of the human disease including locomotion defects, neuronal apoptosis and aggregate deposition. Interestingly, aggregate accumulation is associated with a strong reduction in the abundance of the endogenous protein at its normal localization. Taken together these data underline a possible role for hVAPB in synaptic homeostasis and highlight the importance of this fly model in elucidating the pathomechanism of VAP-induced motor neuron degeneration in humans.
RESULTS

Homeostatic regulation of neurotransmitter release at NMJs with altered expression of DVAP-33A
Hypomorphic and null mutations in DVAP-33A cause a severe decrease in bouton number and an increase in bouton size. Conversely, overexpression of DVAP-33A in neurons induces a highly significant increase in the number of boutons with a concomitant decrease in their size ( Supplementary Material, Fig. S1 ). Since the number and size of synaptic contacts between a neuron and its target may affect synaptic strength, we investigated whether these structural changes have any consequences on synaptic physiology. We focused our electrophysiological analysis on DVAP-33A Δ166 partial loss-of-function mutants as many more of them survive to the third instar larval stage than null mutants though both mutants exhibit very similar phenotypes. As shown in Figure 1A and B, the amplitude of the evoked junctional potentials (EJPs) is not significantly different (P > 0.05) in synaptic terminals exhibiting fewer and larger boutons (36 ± 2 mV) relative to controls (37 ± 2 mV). To determine whether other aspects of synaptic transmission are altered in mutants, we studied the properties of miniature EJPs (mEJPs). We found an increase in the mean frequency of mEJPs in mutants when compared with controls (3.80 ± 0.24 Hz versus 2.00 ± 0.11 Hz, P < 0.001) ( Fig. 1E ). In addition, as shown in Figure 1E and F, the mean mEJP amplitude is increased in partial loss-of-function mutants compared with controls (1.30 ± 0.02 mV in DVAP-33A Δ166 versus 0.80 ± 0.01 mV in controls). This difference in quantal size is significant (P < 0.001) and is also observed in null mutants (data not shown). We calculated the quantal content by dividing the mean EJP size by the mean of the mEJP size and found a decrease in quantal content of ~40% in mutants compared with controls (44.90 ± 0.9 in controls versus 26.91 ± 0.5 in mutants, P < 0.001).
In Drosophila, the UAS/GAL4 system allows the temporal and tissue-specific expression of a transgene by using a variety of GAL4 drivers (15) . We overexpressed DVAP-33A in neurons by using the pan-neural driver elav-GAL4. In synaptic terminals overexpressing DVAP-33A, the EJP amplitude is not significantly changed compared with controls (32 ± 3 mV versus 33 ± 2 mV, P > 0.05) ( Fig. 1C and D) . Conversely, there is a significant decrease in quantal size in these mutants (0.59 ± 0.05 mV versus 0.90 ± 0.06 mV in controls, P < 0.05) ( Fig. 1G ). Interestingly, cumulative amplitude histograms indicate that the entire mEJP amplitude distribution is shifted towards larger values in mutants ( Fig. 1F ) and towards smaller values in animals overexpressing DVAP-33A ( Fig. 1G ). A significant increase in quantal content accompanies the increase in bouton number as the quantal content in DVAP-33A overexpressing larvae is 54.13 ± 1.5 compared with 36.66 ± 0.8 in controls (P < 0.05). Thus, changes in quantal size are responsible for maintaining normal synaptic transmission in loss-of-function and overexpression paradigms.
Ultrastructural remodeling at NMJs lacking and overexpressing DVAP-33A
To determine whether ultrastructural remodeling at the synapse accompanies the previously described functional compensation, we performed a serial section TEM (transmission EM) analysis of terminals lacking and overexpressing DVAP-33A. As shown in Figure 2 , boutons from DVAP-33A Δ166 animals display an increase in the number of active zones:
2.0 ± 0.2 active zones per bouton cross-sectional area versus 0.8 ± 0.3 in controls ( Fig. 2A -C and E). Although overexpression of DVAP-33A does not affect the number of active zones per surface area, other features clearly differentiate these boutons from wild-type (wt) terminals. As shown in Figure 2D , there are substantially more boutons which are significantly smaller in size when compared with wt boutons ( Fig. 2A ). In addition, these boutons appear to contain fewer vesicles. As reported in Figure 2F , in every small bouton resulting from DVAP-33A overexpression, more than 80% of the bouton cross-sectional area is devoid of synaptic vesicles, whereas in controls, numerous vesicles are packed in each bouton leaving only 40-50% of the bouton area devoid of synaptic vesicles. No change in the size of synaptic vesicles was observed in any of the genotypes (data not shown). In summary, analysis by TEM of DVAP-33A Δ166 mutant synapses, containing larger and fewer varicosities, reveals a compensatory increase in the number of active zones per bouton. In contrast, in synaptic terminals overexpressing DVAP-33A, which contain more boutons that are smaller in size, the density of the vesicles per bouton is decreased. These data indicate that synapses can undergo structural remodeling, whereby active zones are concentrated in a reduced number of boutons while the pool of vesicles can be diluted in an increased number of boutons to maintain functional and structural homeostasis.
DVAP-33A is the functional homolog of hVAPB
In Drosophila there are three proteins (CG33523, CG7919 also named farinelli and CG5014 which is DVAP-33A) with significant homology and structural similarity to hVAPB. Farinelli, expressed specifically in testes and in larval fat body, is required for male fertility. The proteins encoded by CG33523 and DVAP-33A are ubiquitously expressed but the CG33523 protein is only 34% similar while DVAP-33A is 62% similar to hVAPB. The degree of homology and the pattern of expression suggest that DVAP-33A is likely to be the Drosophila ortholog of hVAPB. DVAP-33A and hVAPB also share a common three-partite Given the degree of homology between DVAP-33A and hVAPB, we tested whether the human gene can functionally substitute for the loss of DVAP-33A. We generated transgenic flies carrying the UAS-hVAPB cDNAs and tested several independent transgenic lines. We have previously shown that the synaptic bouton phenotype associated with DVAP-33A lossof-function mutations can be rescued by driving the expression of the wt protein in neurons (9) . We therefore used the same GAL4 drivers to test the ability of hVAPB to functionally replace DVAP-33A. The hVAPB gene was expressed using the C164-GAL4 (16) and D42-GAL4 (17) drivers in null (DVAP-33 Δ448 , DVAP-33 Δ20 ) and hypomorphic (DVAP-33 Δ166 ) mutant backgrounds. Although DVAP-33A is expressed ubiquitously and its zygotic loss results in larval lethality with rare adult escapers (~1%), the lethality associated with the loss or partial loss of DVAP-33A can be rescued with both drivers in combination with several UAS-hVAPB transgenes. We often obtained the expected Mendelian ratio. Rescued flies were fertile and did not show any obvious morphological or behavioral defects. We next investigated whether hVAPB can rescue the morphological and electrophysiological phenotypes associated with DVAP-33A loss-of-function mutations. We found that in synapses expressing hVAPB under the control of C164-Gal4 or D42-Gal4 in DVAP-33A Δ448 null background, the number of synaptic boutons is similar to controls (284 ± 11 boutons versus 278 ± 12 boutons in controls, P > 0.05, Fig. 3A and B ). Moreover, electrophysiological analysis of the same synapses shows that the EJPs (36 ± 2 mV versus 37 ± 2 mV in controls; P > 0.05) and mEJPs (0.83 ± 0.02 mV versus 0.89 ± 0.03 mV in controls; P > 0.05) are both similar to controls ( Fig. 3C and D) . Hence, the lethality, aberrant NMJ morphology and increased mEJP amplitude associated with loss of DVAP-33A, are rescued by targeting the expression of hVAPB in neurons. These data indicate that the human and the Drosophila protein share a common structure and perform homologous functions.
Transgenic expression of hVAPB mimics DVAP-33A overexpression
As shown in Supplementary Material, Figure S1D , neuronal overexpression of DVAP-33A using the pan-neural elav-GAL4 driver causes a dramatic increase in the number of boutons as well as a decrease in their size. Despite these morphological changes, a homeostatic mechanism maintains muscle EJPs within normal values (Fig. 1C , D and G). To assess whether transgenic expression of the human protein in neurons has similar effects on synaptic structure and function, we used the same elav-Gal4 driver. As shown in Figure 3E and F, we observed a dramatic increase (P < 0.001) in the number of boutons (535 ± 16) with a concomitant decrease in bouton size when compared with controls (297 ± 7). Similar to the overexpression of DVAP-33A, expression of hVAPB in a wt background also causes a reduction in the average mEJP amplitude. In this case, however, a 50% reduction in the mEJP size (0.48 ± 0.01 mV versus 0.82 ± 0.01 mV in controls; P < 0.001, Fig. 3H ) and about a 10% reduction in the EJP amplitude (29.0 ± 0.8 mV and 35.0 ± 0.7 mV in controls; P < 0.001, Fig. 3G ) were observed. Although there is a small decrease in the amplitude of the evoked response, the decrease in quantal size allows a nearly normal post-synaptic response. Hence, the experiments in both loss-of-function and transgenic expression indicate that hVAPB and DVAP-33A can substitute for each other's function.
Expression levels of VAP proteins affect the abundance of specific receptor subunits and the volume of post-synaptic receptor clusters
In DVAP-33A loss-of-function mutations, an increase in quantal size ensures functional homeostasis despite a significant decrease in bouton number (Supplementary Material, Fig. S1 and Fig. 1 ). This increased response to spontaneous release of neurotransmitter is usually due to changes in the composition or sensitivity of post-synaptic glutamate receptors. Neurotransmitter is released from presynaptic specializations termed active zones. In wt animals, glutamate receptors are clustered in puncta that lie opposite the presynaptic active zones, placing them in an ideal position to detect neurotransmitter released. To date, five ionotropic glutamate receptor subunits have been identified at the Drosophila NMJ:
GluRIIA, GluRIIB (18, 19) , GluRIII (20, 21) , GluRIID and GluRIIE (21, 22) . We used previously characterized antibodies to assess glutamate receptor abundance and distribution in synapses lacking DVAP-33A. A significant increase in cluster count (P < 0.05) and a marked increase in the average cluster volume for GluRIIA were observed (P < 0.01, Fig.  4A -C). For all the other subunits a small but statistically significant decrease in cluster count was found (P < 0.05, Fig. 4C ). GluRIIB and GluRIII also exhibit a marked reduction in the average cluster volume (30% reduction for GluRIIB, Fig. 4C ; 46% for GluRIII, Fig. 4C-E, P < 0.001) while cluster size for GluRIID is similar to controls (Fig. 4C ). The staining intensity of every subunit does not differ significantly between controls and mutants (data not shown).
A striking physiological feature of transgenic expression of VAP proteins in neurons is a significant decrease in quantal size (Figs 1G and 3H). We investigated whether the decrease in quantal size was associated with changes in the post-synaptic glutamate receptors as well. We focused our analysis on synapses expressing transgenic hVAPB in neurons, which exhibit a greater reduction in quantal size ( Fig. 3H ). A marked decrease (P < 0.001) in GluRIIA abundance compared with controls was observed ( Fig. 5A -G). This decrease was specific for GluRIIA as no difference in expression levels between controls and mutants was found for any other subunits (data not shown). Moreover, synapses expressing transgenic hVAPB exhibit a reduction in the average cluster volume for the subunit GluRIIA (P < 0.001 Fig. 5H -J), subunit GluRIIB and GluRIII (P < 0.05 in both cases, Fig. 5J ). Cluster count on the other hand, does not change significantly (P > 0.05) except for the subunit GluRIII where a small but statistically significant increase is observed (P < 0.05, Fig. 5J ).
No significant changes (P > 0.05, Fig. 5J ) in cluster count and average cluster volume were reported for the subunit GluRIID.
Taken together, these data indicate that changes in the expression levels of VAP proteins regulate quantal size by shaping the post-synaptic glutamate receptor field and the abundance of specific subunits. Moreover, our data indicate that VAP proteins are components of a trans-synaptic signal as their presynaptic expression affects the postsynaptic sensitivity to neurotransmitters.
hVAPB carrying the ALS8 mutation rescues the DVAP-33A mutant phenotype
The Proline residue that is changed into a Serine in ALS8 patients is conserved and contained in a stretch of 16 amino acids that is virtually identical in all VAP proteins (5) . Such a high degree of conservation suggests that this region plays a crucial role in the function of VAP proteins and mutations affecting this region are likely to have similar consequences in all VAP homologues. To help define the nature of the ALS8 mutation, we expressed mutant VAP proteins in a null background for DVAP-33A. We generated flies carrying UAS-hVAPBP56S (the human VAP mutant) transgene and flies carrying the UAS-DVAPP58S (the Drosophila mutant VAP) transgene. We tested the ability of these transgenes to rescue the mutant phenotypes associated with the loss of DVAP-33A. Lethality was rescued when the hVAPBP56S transgene was driven by the D42-Gal4 and C164-GAL4 drivers in a null background (DVAP-33A Δ20 and DVAP-33A Δ448 , denoted as DVAP/hVAPmt in Fig. 6 ). In addition, as shown in Fig. 6A and B, the number of boutons is not significantly different in flies expressing the human mutant protein (C164-Gal4; UAS-hVAPmt; bouton number: 290 ± 11) compared with controls (UAS-hVAPmt; bouton number: 304 ± 11; P > 0.05). Moreover, no significant difference in EJPs was observed in flies expressing hVAPBP56S (36 ± 2 mV) compared with controls (34 ± 2 mV, P > 0.05, Fig. 6C ). Finally, flies expressing hVAPBP56S exhibit quantal sizes (0.89 ± 0.02 mV) similar to those of control animals (0.83± 0.03 mV, P > 0.05, Fig. 6D ). Similar data with respect to viability, morphological and electrophysiological properties were also observed with the UAS-DVAPP58S transgene expressed in DVAP-33A mutant background (data not shown). The fact that both the human and fly protein carrying the pathogenic mutation can substitute for the function of DVAP-33A indicates that the pathogenic allele retains wt properties.
Transgenic expression of the Drosophila mutant protein in neurons recapitulates several hallmarks of the human disease
Expression of hVAPB and hVAPBP56S in neurons rescues the lethality, morphological and electrophysiological phenotypes associated with DVAP-33A loss-of-function mutations.
This suggests that the human and the fly proteins perform similar functions and that the pathogenic allele retains crucial properties of the normal protein. One of the most common features of VAP homologues is their ability to self-oligomerize (11, 23, 24) . To test whether the fly and the human VAPs exhibit this ability, we employed the yeast two-hybrid system. We found that DVAP-33A as well as its human counterpart can form homodimers, supporting the data that the human protein and the fly protein are functionally interchangeable ( Supplementary Material, Fig. S3 ). We also found that the human and the Drosophila proteins carrying the ALS8 mutation can self-oligomerize, supporting the evidence that both mutant proteins retain at least part of the functional properties of the wt protein ( Supplementary Material, Fig. S3) . Surprisingly, we observed that, although both the human and Drosophila protein can interact with their respective mutant protein, there was no significant interaction between proteins from different species (e.g. the human mutant protein does not interact with the wt Drosophila protein although the same protein strongly interacts with the human wt protein, Supplementary Material, Fig. S3B and C). This observation suggests that the best way to model the human disease inherited in a dominant manner is to use the Drosophila system where the Drosophila mutant protein will be expressed in the presence of the fly wt protein.
One of the earliest and most common symptoms of MND in humans is paralysis and impaired movements. Similarly, we found that transgenic larvae expressing DVAPP58S in neurons were sluggish and uncoordinated. We therefore performed a quantitative analysis of their locomotion behavior. Forward locomotion in larvae consists of contractions of the posterior end alternating with extension of the anterior body regions (25, 26) . Third instar larvae expressing transgenic DVAPP58S and control larvae reared in the same environmental conditions were observed on an agarose substrate for a period of at least 2 min. The frequency of strides in Hz (number of events per second) was calculated by dividing the number of strides by their duration.
Unexpectedly, transgenic larvae expressing DVAPP58S revealed significant heterogeneity in the mobility phenotype compared with controls. As shown in Figure 7A , 34% of the larvae are completely paralyzed or exhibit very few peristaltic contractions while the majority has a frequency of strides that is only 30% of the wt value. In controls, the frequency of strides is homogeneous (0.85 ± 0.01 Hz). The difference in frequency distribution between mutants and controls is statistically significant (P < 0.001, see legend of Fig. 7 and Materials and Methods for details).
Motor neuron death is one of the hallmarks of MND both in human patients and murine models (2) . We therefore performed TUNEL analysis to assess whether transgenic expression of DVAPP58S causes neuronal apoptosis. Significantly enhanced neuronal death was observed in the central neurons of larvae expressing transgenic DVAPP58S compared with controls ( Fig. 7B and C) .
In mouse models for ALS expressing pathogenic SOD1, the paralytic phenotype and the neuronal cell death have been associated with the formation of aggregates that are strongly immunoreactive with SOD1 antibodies (27) . Similarly, aggregates containing pathogenic SOD1 have been reported for sporadic and familial cases of ALS in humans (28) . To test whether this feature is also common to VAP-induced MNDs, we performed Western analysis on whole tissue extracts of third instar larvae. Although DVAP-33A migrates exclusively as a monomer in SDS-PAGE of controls, in DVAPP58S transgenic lines an immunoreactive smear with a significant reduced mobility was observed (data not shown). The presence of these higher molecular weight species is suggestive of the ability of the protein to form aggregates. To identify where these aggregates accumulate and whether there are regional differences in the localization of the endogenous protein, we performed confocal analysis on larval brains, nerve fibers and neuromuscular synapses of DVAPP58S transgenic animals stained with antibodies specific for DVAP-33A. In control nerves, we observed faint but uniform staining while in the nerves of DVAPP58S transgenic larvae, highly immunoreactive aggregates of variable sizes were found ( Fig. 8A and B ). Large aggregates accumulate in the region of the nerves proximal to the brain and in their terminal tracts just before motor nerves sprout on the muscles to form the synaptic arbor (Fig. 8B) . In between these regions, the deposition of aggregates was less prominent (Fig. 8C ). In neuronal cell bodies of DVAPP58S larval brains, we also observed aggregate formation and the wt protein associated with the plasma membrane decreased to nearly undetectable levels (compare Figs 8E with D) . Similarly, at neuromuscular synapses of DVAPP58S transgenic larvae, DVAP-33A positive immunoreactivity was virtually undetectable (less than 8% of the wt level, Figs 9A-C and G-J). This phenomenon was consistently observed in all five DVAPP58S transgenic lines examined. Conversely, in DVAP-33A overexpressing lines the protein is correctly targeted to the NMJ even when protein levels are 4-fold the wt level ( Fig. 9A-F and J) . No aggregates were found in the neuronal cell bodies and nerve fibers of DVAP-33A overexpressing lines (data not shown and compare arrow in Fig. 9E with arrow in Fig. 9H ). Taken together, these data indicate that transgenic expression of DVAPP58S in neurons induces the formation of DVAP-33A immunoreactive aggregates and a depletion of the endogenous protein from its normal localization. At the Drosophila NMJ, decreasing the level of DVAP-33A induces a decrease in the number of boutons and an increase in their size ( Supplementary Material, Fig. S1 ). As a consequence of the decreased synaptic level of DVAP-33A, the number of boutons at the DVAPP58S transgenic synapses was only 40% of the wt number (122 ± 3 as compared with 283 ± 12 in controls, P > 0.001, data not shown, but compare Fig. 9A with G) . Although not directly quantified, an increase in bouton size was also observed (data not shown). A number of other abnormalities such as muscle wasting and synaptic degeneration were often observed at these NMJs. A detailed analysis of these phenotypes is reported in Supplementary Material, Fig. S4 . Taken together these data indicate that neuronal expression of DVAPP58S in the presence of the wt protein recapitulates several hallmarks of the human disease including locomotion defects, neuronal cell death and aggregate formation. It is noteworthy that aggregate accumulation is associated with a depletion of the endogenous protein from its normal localization and a consequent decrease in its function.
DISCUSSION
Recently, hVAPB has been shown to be the causative gene of late-onset autosomal dominant forms of motor neuron disorders, including typical and atypical ALS and lateonset spinal muscular atrophy (5, 6) . The pathogenic mutation predicts a substitution of a Serine for a conserved Proline (P56). We decided to study the role of hVAPB in MNDs using Drosophila genetics.
One of the hallmarks associated with loss-of-function and neuronal overexpression of DVAP-33A is decreased and increased bouton formation at the NMJ, respectively. Despite this structural alteration, synaptic transmission is maintained within a wt range. At the mechanistic level, muscles respond to a decreased number of boutons and quantal content by upregulating quantal size; conversely muscles compensate an increase in number of boutons and quantal content by downregulating quantal size. Compensatory changes in quantal size during synaptic homeostasis are thought to be determined, largely, by the properties of transmitter receptors. At the Drosophila NMJ, there are two classes of glutamate receptors: one set containing the subunit IIA and another one containing the subunit IIB (29) . In DVAP-33A loss-of-function mutations, the increase in quantal size is associated with an increase in the number and average cluster volume of subunit IIA. Conversely, the decrease in quantal size in the oversprouting mutants is accompanied by a decrease in the level of post-synaptic receptor subunit IIA and a reduction in the average cluster volume for several subunits. In agreement with our data, the IIA subunit receptors have been shown to affect quantal size and receptor channel open time (18, 30) . Similar to our oversprouting mutants, in synapses lacking the receptor subunit IIA, a homeostatic increase in neurotransmitter release compensates for the reduction in quantal size and the evoked response is maintained within normal values (18, 30) . These data indicate that expression levels of VAP proteins play a crucial role in synaptic homeostasis by coordinating structural remodeling and postsynaptic sensitivity to neurotransmitter to ensure synaptic efficacy.
Interestingly, expression of hVAPB in neurons rescues lethality, morphological and electrophysiological phenotypes associated with DVAP-33A loss-of-function mutations.
Moreover, neuronal expression of hVAPB in a wt background induces phenotypes similar to the overexpression of DVAP-33A. These data clearly indicate that DVAP-33A and hVAPB perform homologous functions at the synapse and as a consequence, information gained by studying DVAP-33A is expected to be relevant for hVAPB function as well. Surprisingly, neuronal expression of mutant VAP proteins also rescues all phenotypes associated with mutations in DVAP-33A. Two alternative scenarios could be proposed to explain these data: the mutation is irrelevant for the ALS8 pathogenesis or the mutant allele has a pathogenic effect while retaining certain functional properties of the wt protein. We strongly favor the second hypothesis for the following reasons. First, the P56S mutation in hVAPB has been reported to be causative for an inherited form of MNDs in humans. This mutation affects nine related families totaling 1500 individuals of which 200 suffer from motor neuron disorders (31) . Second, we have generated a genetic model for MNDs where the expression of the aberrant VAP recapitulates major hallmarks of the human disease, clearly indicating that the mutation has a pathogenic effect. Third, our data and data published by others (23) suggest that both the Drosophila and the human mutant proteins retain some functional wt properties such as the ability to self-oligomerize. However, neuronal expression of the pathogenic protein induces aggregate formation and depletes the wt protein from its normal localization. These effects are not observed when the wt protein is overexpressed, suggesting that the mutant protein has acquired a new, potentially toxic property.
Indeed, one of the most common features of MNDs and nearly all neurodegenerative diseases is the accumulation of aggregates that are intensively immunoreactive to diseaserelated proteins (2) . Each disease, however, differs with respect to the anatomical location and morphology of the aggregates. The major component of the aggregates is usually the protein encoded by the gene mutated in the familial forms, which is also unique to each disease. Despite this diversity, a bulk of circumstantial evidence support the hypothesis that aggregates are typical hallmarks of neurodegenerative diseases and have a toxic effect on neurons (32) . While no autopsy material is available for familial cases with the P56S mutation, SOD1-positive inclusions have been reported in human sporadic and familial ALS cases as well as in SOD1 mouse models (28) . We found the presence of aggregates that are intensively immunoreactive for DVAP-33A both in neuronal cell bodies and in nerve fibers of our MND model. Interestingly, hVAPB carrying the pathogenic mutation has also been shown to undergo intracellular aggregation when expressed in a cell culture system (23) . However, similarities between human disease and our fly model are not limited to aggregate formation as flies expressing transgenic VAP proteins carrying the ALS8 mutation, exhibit other hallmarks of the human disease such as neuronal cell death, muscle wasting and defective locomotion behavior.
Although it remains to be established whether the VAP protein in the aggregates represents the mutant protein, the endogenous protein or a mixture of both, we clearly observe a regional decrease in the level of the endogenous protein. The DVAP-33A protein that is normally associated with the plasma membrane in neuronal cell bodies and at the neuromuscular synapses is nearly undetectable in DVAPP58S transgenic animals. As a consequence of the decrease in synaptic levels of the endogenous protein, a decrease in the number of boutons is observed. We have previously shown that DVAP-33A regulates bouton formation at the synapse in a dosage-dependent manner (9) . Despite these structural alterations a homeostatic mechanism is established to maintain synaptic efficacy within functional boundaries. We speculate that the depletion of the endogenous protein from its normal localization and the formation of aggregates would affect the homeostatic mechanism linking structural remodeling and synaptic efficacy controlled by DVAP-33A. Although not directly tested in our model, experiments in cell culture show that overexpression of mutant hVAPB induces formation of aggregates in which the endogenous wt protein is recruited (23, 33) . This would suggest that the pathogenic allele functions as a dominant negative. However, the depletion of the endogenous protein from its normal localization cannot be the principal mechanism of the disease as mutants lacking DVAP-33A do not develop MND. It is therefore possible that the pathogenic allele has acquired an abnormal, new toxic activity. Similar to what has been proposed for other neurodegenerative diseases, the formation of aggregates may directly interfere with critical cellular processes and/or compromise the ability of the system to keep up with the degradation of aggregated proteins (34) .
Taken together these data offer experimental support to the hypothesis that VAP proteins play a conserved role in synaptic homeostasis and emphasize the relevance of this fly model in fostering our understanding of the molecular mechanisms underlying VAP-induced motor neuron degeneration in humans.
MATERIALS AND METHODS
Genetics and molecular techniques
DVAP-33A Δ166 is an hypomorphic mutation obtained by imprecise excision of P{ry +t7.2 = lArB}47, a P element inserted 600 bp upstream of the AUG (9) . A revertant line generated by precise excision of the same P element was used as a control for loss-of-function mutations.
Site-directed mutagenesis on DVAP-33A and hVAPB cDNAs was performed using Quick
Change Site Directed Mutagenesis Kit (Stratagene). All transgenic lines were established by following standard protocols (35) . Basic molecular biology techniques were performed according to (36) and Western Blots on single dissected NMJ according to (9) .
To test the ability of the hVAPB protein to rescue the lethality associated with DVAP-33A mutations, female flies, DVAP-33A Δ448 /FM7; +/+; UAS-hVAPB/TM3, were mated to males contributing the C164-Gal4 or D42-Gal4 drivers. DVAP-33A Δ448 /Y; C164-Gal4/+; UAS-hVAPB/+ adult, non-FM7, males were identified and counted. The specificity of the rescue was confirmed by the absence of DVAP-33A Δ448 /Y; C164-Gal4/+; +/TM3 males. A similar protocol was used to test the ability of hVAPBP56S and DVAPP58S to rescue the lethality associated with DVAP-33A mutations. In all cases, the rescue was confirmed by using all DVAP-33A mutant alleles in combination with several transgenic lines expressing hVAPB, hVAPBP56S or DVAPP58S.
For the analysis of the morphological and physiological rescue, the following crosses were performed. yw/Y; C164-GAL4/C164-GAL4 males were crossed to DVAP-33A Δ448 /FM7; +/+; UAS-hVAPB/UAS-hVAPB females. DVAP-33A Δ448 /Y; C164-Gal4/+; UAS-hVAPB/ + males were identified as y + third-instar larvae lacking the FM7 chromosome. A similar genetic scheme was applied to test the ability of Drosophila and human mutant proteins to rescue the morphological and physiological phenotypes. To characterize the transgenic expression phenotype, the Gal4 drivers were crossed with transgenic lines. Embryos were collected for 20-24 h and then transferred to a water-bath at 30°C.
Immunohistochemistry, imaging and morphometric analysis
Stainings of third instar larval NMJs and analysis of the morphological phenotype was performed as described in (9) . For the phalloidin staining the NMJs were fixed in 4% paraformaldehyde and the phalloidin treatment was performed accordingly to the manufacturer's instructions (Molecular Probes). NMJ stainings with antibodies specific for the glutamate receptor subunits were performed according to (20) , except for the subunit IID where the protocol described in (21) was used. Larval NMJs were imaged using an Axiovert Zeiss Microscope. The same confocal gain settings were applied to control and mutant NMJs. A complete Z-stack was acquired for every NMJ and rendered on a 3D projection. For the morphometric analysis, images were initially trimmed using the Zeiss LSM Image Examiner 3.2.0.70 software (Carl Zeiss, 2002) . Cluster counting and volume estimation were performed with the software package Imaris 4.7.2 (Bitplane AG, 2006). The minimum cluster radius was set to 0.4 μm and background object subtraction was used when applying the 'spot detection' function. The total cluster volume was found by fitting a 3D surface to the clusters with the iso-surface tool and no additional Gaussian smoothing or re-sampling steps were applied. The average volume of a single cluster was calculated by dividing the total cluster volume by the total number of clusters. Appropriate intensity thresholds were selected to properly identify clusters and ignore background intensities for both tools in the Imaris package. Statistical analysis was performed using a two-tailed Student's t-test.
Electrophysiology
Intracellular recordings were performed in HL3 saline (37) . Spontaneous mEJPs were obtained by intracellular recording from muscles bathed in HL3 saline containing low calcium concentration (0.3 mM) and 3 μM tetrodotoxin. For evoked transmitter release, 1 mM Ca 2+ was added to the HL3 saline. Electrical signals were amplified through an Axoclamp 2B amplifier (Axon Instruments), digitized and recorded by a computer equipped with pClamp8 software (Axon Instruments). Quantal content was calculated by the method of dividing the size of the mean EJP with the size of the mean mEJP.
Analysis of the amplitude and frequency of mEJPs was performed using Mini Analysis (Synaptosoft, Inc.). mEJPs with slow time course arising from neighboring electrically coupled muscle cells were excluded from analysis (38) . No significant differences were found in muscle resting potentials or muscle input resistance among different genotypes. The unpaired Student's t-test was used for data statistics. Additionally, the Kolmogorov-Smirnov test was used when comparing quantal size analysis of different genotypes for the data reported in Figure 1 while one-way ANOVA (analysis of variance) was used for statistical analysis of different genotypes in the remaining figures.
Ultrastructural analysis
Body wall muscles were prepared for TEM as in (39) . Synaptic boutons were serially sectioned and photographed at 10 000-30 000× using a JEOL 100S TEM. For morphometric analysis, the cross-section corresponding to the bouton midline (cross-section of largest diameter) was identified, the negative scanned at 60 000×, and used for quantification using NIH image (Version 1.62) as in (40) . Number of active zones was determined by counting the number of T-bar structures (complete or partial) observed at the cross-sectional area. To measure the area of empty zones (devoid of synaptic vesicles) in the cross-sectional area of synaptic boutons, the boundary of synaptic vesicle pools was digitalized and the enclosed area was calculated by using the Measure function of NIH image. Serial sections taken from 11 synaptic boutons of two independent preparations for each genotype were used for EM analysis. Statistical analysis was performed using a two-tailed Student t-test.
Larval locomotion behavior
Wandering third instar larvae were collected from the vial and washed briefly in distilled water to remove traces of food. Each larva was transferred to the centre of a 9 cm Petri dish containing grape juice medium. The larva was then allowed to adjust to the Petri dish environment and the counting of the peristaltic waves was started only after observing the first wave of contractions. The contraction waves were counted for at least 2 min per larva and their number divided by the time in seconds to obtain the frequency of contractions expressed in Hz. The Lillefors test was applied to check for normality in the distribution of the different datasets. Since the data concerning the elav; UAS-DVAPmt failed to pass the test for normality, the non-parametric Mann-Whitney U test was used to compare the datasets.
Tunel staining for apoptosis detection
Larval brains were carefully dissected and fixed in 4% paraformaldehyde for 15 min. Detection of apoptotic neuronal cells was performed using the fluorescein cell death kit (Promega) following manufacturer's instructions. 
